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Present scenarioIncreasing the complexity of the chemistry scheme in the global chemistry transportmodel STOCHEM to STOCHEM-
CRI (Utembe et al., 2010) leads to an increase in NOx as well as ozone resulting in higher NO3 production over
forested regions and regions impacted by anthropogenic emission. Peak NO3 is located over the continents near
NOx emission sources. NO3 is formed in the main by the reaction of NO2 with O3, and the signiﬁcant losses of NO3
are due to the photolysis and the reactions with NO and VOCs. Isoprene is an important biogenic VOC, and the
possibility of HOx recycling via isoprene chemistry and other mechanisms such as the reaction of RO2 with HO2
has been investigated previously (Archibald et al., 2010a). The importance of including HOx recycling processes
on the global budget of NO3 for present and pre-industrial scenarios has been studied using STOCHEM-CRI, and
the results are compared. The large increase (up to 60% for present and up to 80% for pre-industrial) in NO3 is driven
by the reduced lifetime of emitted VOCs because of the increase in theHOx concentration. Themaximumconcentra-
tion changes (up to 15 ppt) for NO3 from pre-industrial to present day are found at the surface between 30oN and
60oN because of the increase in NOx concentrations in the present day integrations.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The nitrate radical (NO3) is the dominant night-time oxidant in the
atmosphere (e.g. Geyer et al., 2001a; Platt et al., 2002; Wayne et al.,
1991), but because of its low concentration and rapid photolysis, it is
less important during the daytime. Signiﬁcant levels (typically pptv)
of NO3 have been detected over awide range of atmospheric conditions,
indicating a potential role for NO3 in oxidation chemistry over large re-
gions of the atmosphere (e.g. Wayne et al., 1991; Brown and Stutz,
2012). The importance of the nitrate radical as a night-time oxidant
has stimulatedmany studies to investigate the reaction rates andmech-
anisms involved (e.g. Wayne et al., 1991; Atkinson and Arey, 2003;
Monks, 2005; Brown and Stutz, 2012). At night time, NO3 reacts rapidly
with a number of unsaturated hydrocarbons (Atkinson, 1991; Geyer
et al., 2001a), thus impacting the budgets of these species and their deg-
radation products. In the continental boundary layer over Europe, it wascross).
X1 3PB, UK.
elbourne, Parkville VIC 3010,
y of Cambridge, Cambridge, UK.
. This is an open access article underfound that NO3 contributed 28% to the overall VOC initiated oxidation
over a 24 hour period (Geyer et al., 2001a).
NO3 is predominantly formed by reaction of nitrogen dioxide (NO2)
with ozone (O3).
NO2 þ O3→NO3 þ O2 ð1Þ
Stabilized Criegee Intermediates (SCI) formed from the ozonolysis of
alkenes can react with NO2 to produce NO3 (Presto and Donahue, 2004;
Welz et al., 2012; Ouyang et al., 2013) and could be a non-negligible
source of NO3, especially indoors (Shallcross et al., 2014; Taatjes et al.,
2013). It has been shown that the generation of NO3 via reactions
(2) and (3) scales directly with level of alkene (Welz et al., 2012;
Percival et al., 2013; Shallcross et al., 2014)
Alkene þ O3→αCI þ ð1−αÞSCI þ carbonyl ð2ÞSCI þ NO2→NO3 þ carbonyl ð3Þ
TheNO3 accumulated during night time through reactions (1–3) can
then react with NO2 to form N2O5.
NO2 þ NO3 þM⇋N2O5 þM ð4Þthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
348 M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357N2O5 can thermally dissociate to release and transport NO3 away
from the source region. The timescale for the thermal equilibrium of
NO2, NO3, and N2O5 is of the order of minutes in the boundary layer, fa-
voring N2O5 at lower temperature and moderately polluted conditions.
N2O5 can be lost to surfaces with uptake coefﬁcients in the range of
0.001–0.05 (Hallquist et al., 2000; Kane et al., 2001; Brown et al., 2006).
N2O5 can react heterogeneously on aerosols and cloud particles and ho-
mogeneously with water to yield HNO3 (Heintz et al., 1996; Wayne
et al., 1991).
N2O5 þ H2O→2HNO3 ð5Þ
During the day time, NO3 is destroyed primarily by rapid photolysis,
having a lifetime of only 5 s for overhead sun and clear sky conditions
(Orlando et al., 1993; Monks, 2005).
NO3 þ hν→NO þ O2 ð6aÞNO3 þ hν→NO2 þ Oð3PÞ ð6bÞ
Under highly polluted conditions, NO3 can persist during the day
and contribute signiﬁcantly to the oxidation of certain VOCs (e.g. α-
pinene, p-cresol, and other terpenes) (Geyer et al., 2003).
In areas with large NO emissions, the inﬂuence on the level of NO3
can be signiﬁcant by reacting rapidly with NO (e.g. Brown et al., 2005;
Khan et al., 2008).
NO3 þ NO→NO2 þ NO2 ð7Þ
NO3 can produce OH directly through reaction with HO2 (e.g. Hall
et al., 1988; Mellouki et al., 1993)
NO3 þ HO2→NO2 þ OH þ O2 ð8Þ
and indirectly through the production of HO2 and aldehydes (R-HO)
following reaction with peroxy radicals (RO2), depicted by the overall
reaction (Biggs et al., 1994, 1995; Crowley et al., 1990; Daele et al.,
1995; Kukui et al., 1995; Ray et al., 1996; Canosa-Mas et al., 1996;
Vaughan et al., 2006; Stone et al., 2014).
NO3 þ RO2→NO2 þ RHO þ HO2 ð9Þ
The NO3 radical is highly reactive towards some unsaturated hydro-
carbons and most importantly isoprene and terpenes, leading to the
production of peroxy radicals at night (Platt et al., 1990).
The lifetime of NO3 is very short with respect to the loss processes
(see Appendix A for the typical values). NO3 also reacts rapidly with
dimethylsulphide (DMS), which is potentially signiﬁcant in the marine
boundary layer (Heintz et al., 1996). Previous studies suggested that
NO3 chemistry dominates the oxidation of DMS in coastal areas (Yvon
et al., 1996; Allan et al., 1999; Stark et al., 2007) and that globally 24%
of DMS is oxidized via reaction with NO3 (Breider et al., 2010). If the
concentration of NO2 is 60% higher than that of DMS, NO3 acts as a
more important oxidant than OH for DMS in the marine boundary
layer (Allan et al., 2000). The reaction of NO3 with hydrocarbons (e.g.
isoprene and terpenes) can lead to the formation of secondary organic
aerosol (SOA). The SOA yield of the reaction between NO3 and isoprene
is 4.3–23.8% in terms of organic mass (Ng et al., 2008).
Several ﬁeld measurements of NO3 have been conducted using dif-
ferential optical absorption spectroscopy (DOAS) in a long path through
the atmosphere (Aliwell and Jones, 1996; Platt et al., 1980; Geyer et al.,
2001a), cavity ring down spectroscopy (CRDS) (King et al, 2000; Brown
et al., 2001, 2002; Ball et al., 2001), laser-induced ﬂuorescence (LIF)
(Wood et al., 2003; Matsumoto et al., 2005), and electron spin reso-
nance spectroscopy (ESR) (Mihelcic et al., 1993). However, ﬁeld studies
measuring NO3 are limited and most NO3 measurements were taken
over highly polluted cities. In general, model studies underestimateNO3 concentration in comparison with ﬁeld measurements (Mihelcic
et al., 1993; Sommariva et al., 2007) indicating perhaps missing night-
time NO3 oxidation processes.
The impact of NO3 chemistry on the removal of hydrocarbons, O3,
and NOx at night on regional to global scales and throughout the year
is not constrained well. A knowledge and understanding of the concen-
tration and distribution of NO3 is essential to evaluate properly the con-
centration of organic species in the atmosphere. For example, addition
of NO3 to an alkene could result in direct production of an organic ni-
trate, whereas via OH initiated chemistry, ﬁrst the OH must add to the
alkene to form a hydroxyl-peroxy species, and then this peroxy radical
must react with NO via the minor channel to form a hydroxyl-nitrate.
In this study, the global budget and the global distribution of NO3 has
been presented using the STOCHEM-CRI global chemistry transport
model. The effects of including HOx recycling (Archibald et al., 2010a)
in the global model of NO3 for the present and pre-industrial scenario
are evaluated in this study.
2. Model description
2.1. Global chemistry transport model studies
The global chemistry transport model, STOCHEM, used in this study
is a 3-dimensional chemical transport model (CTM) in which 50,000
constant mass air parcels are advected every 3 hours by wind from
the Meteorological Ofﬁce Hadley Centre general circulation model
(GCM) using a Lagrangian approach allowing the chemistry and trans-
port processes to be uncoupled. The Lagrangian cells are based on a
grid of 1.25° longitude, 0.8333° latitude, and 12 unevenly spaced
(with respect to altitude) vertical levels with an upper boundary of
100 hPa (Collins et al., 1997). The detailed description of the vertical
levels and advection scheme used in STOCHEM can be found in Appen-
dix B. The chemical mechanism used in STOCHEM, is the common
representative intermediates mechanism version 2 and reduction 5
(CRI v2-R5), referred to as ‘STOCHEM-CRI’. The detail of the CRI v2-R5
mechanism is given by Jenkin et al. (2008), Watson et al. (2008), and
Utembe et al. (2009) with updates highlighted in Utembe et al.
(2010). The mechanism consists of 27 emitted non-methane hydro-
carbons and 229 chemical species which take part in 627 reactions.
The emissions data employed in the base case STOCHEM model were
adapted from the Precursor of Ozone and their Effects in the Tropo-
sphere (POET) inventory (Granier et al., 2005) for the year 1998. Emis-
sion totals for CH4were taken from the inversemodel study ofMikaloff-
Fletcher et al. (2004), except for the ocean emission which was from
Houweling et al. (2000). The anthropogenic and biomass burning emis-
sions of the aromatic species o-xylene, benzene, and toluenewere taken
from Henze et al. (2008). Biomass burning emissions of ethyne, formal-
dehyde and acetic acid were produced using scaling factors from
Andreae and Merlet (2001) per mole CO emitted.
In a recent study of Archibald et al. (2010b), a box model was
employed using theMCMv3.1 as a reference benchmark, and sensitivity
studies were performed to investigate the effects of recent mechanistic
changes to our understanding of isoprene photochemistry on the HOx
budget. More details about isoprene mechanism used in STOCHEM-
CRI can be found in Appendix C. Two experiments were conducted to
investigate the global impacts of mechanistic changes for CRI v2-R5.
The present day results compare the base case reference run referred
to as ‘Base’ described in Utembe et al. (2010) with a model including
the isoprene HOx recycling referred to as ‘ISOP’ described in Archibald
et al. (2010a). Two further integrations (referred to as ‘B1800’ and
‘ISOP1800’) were performed for a pre-industrial scenariowhere anthro-
pogenic emissions were completely removed from the model and the
biomass burning emissions were reduced with the aim to remove the
majority of human-induced effects. Global gridded emissions of CH4,
CO, CO2, SO2, N2O, NOx, NH3, and non-methane volatile organic com-
pounds by sector for the period of 1890–1990 were estimated by van
Table 2
The main sources and sinks of NO3s in STOCHEM-CRI, values are a percentage (%) of the
global production and loss of NO3 and N2O5. Minor reactions are grouped together as
‘Others’.
Reaction Pre-industrial Present
B1800 ISOP1800 Base ISOP
Sources
NO2 + O3→ NO3 + O2 95.7 95.0 97.6 97.3
HNO3 + OH→ NO3 + H2O 4.3 5.0 2.4 2.7
Sinks
NO3 + hν→ NO2 + O 33.5 33.2 31.4 31.3
NO3 + NO→ NO2 + NO2 9.1 8.6 17.8 17.6
NO3 + C5H8→ NRU14O2 11.7 11.9 6.4 6.2
NO3 + HO2→ NO2 + OH + O2 5.6 5.9 7.0 7.3
NO3 + hν→ NO + O2 5.1 5.0 4.7 4.7
NO3 + α-pinene→ NRTN28O2 5.6 6.2 2.9 3.1
NO3 + CH3O2→ HO2 + HCHO + NO2 8.0 7.7 8.1 8.0
NO3 + DMS→ CH3SO + HCHO + HNO3 5.3 5.2 3.1 3.2
NO3 + CH3CO3→ CH3O2 + NO2 3.3 3.0 3.2 2.9
NO3 + β-pinene→ NRTX28O2 2.4 2.5 1.4 1.5
N2O5→ HNO3 + HNO3 2.6 2.8 5.0 5.2
Others 7.8 8.0 9.0 9.0
Notes: Closest MCM v3.2 analogs of NRU14O2, NRTN28O2, NRTX28O2 are NISOPO2,
(NAPINAO2 + NAPINBO2), (NBPINAO2 + NBPINBO2), respectively. Structures of
these species can be obtained using species name and search facility on MCM website
(http://mcm.leeds.ac.uk/MCM/search.htt).
349M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357Aardenne et al. (2001). This emissions dataset, EDGAR-HYDE was esti-
mated using historical activity data from the HYDE database (Klein
Goldewijk and Battjes, 1997) and historical emission sources based on
the emission factors for uncontrolled sources in EDGAR 2.0 for 1990.
The biomass burning emissions used in this study have been scaled
using global scaling factors from the Edgar-Hyde emissions database
(1890–1990). The scaling factors were produced by calculating global
ratios between 1890 and the present day for each species and scaling
the base-case emissions for 1800 by these factors. Global scaling factors
were applied to the initialization of the model runs based on the global
totals in Table 1. The pre-industrial scenario is designed to be represen-
tative of the Earth's atmosphere without human-induced effects. The
same meteorology was used in the pre-industrial simulation and thus
this study is only based on the emission changes and no consideration
was taken into account for changes in climate. In order to investigate
the effect of human activity, emissions from vegetation, soil, and oceans
are the same for all simulations. Vegetation changes since pre-industrial
are expected to be only 2–3% (Lathiere et al., 2005). This is an oversim-
pliﬁcation but allows for effects of human activity to be investigated in
isolation and is consistent with the approach of other studies (Hoyle
et al., 2009; Tsigaridis et al., 2006). All simulations were conducted
with meteorology from 1998 for a period of 24 months with the ﬁrst
12 allowing the model to spin up. Analysis is performed on the subse-
quent 12 months of data.
3. Results and discussion
3.1. NO3 + N2O5 budget
Table 2 shows the NO3 + N2O5 (referred as NO3s family) budget
(in percentage terms) produced by the STOCHEM-CRI model for both
present and pre-industrial scenarios. The production of NO3s occurs
almost entirely through the formation of NO3 by the reaction of NO2
with O3 (96% for pre-industrial and 98% for present case), with an
additional production from the reaction of OH + HNO3 (4% for pre-
industrial and 2% for present case). The main sink of NO3s is due to
NO3 loss by photolysis (39% for pre-industrial and 36% for present
case). Additional signiﬁcant loss processes of NO3s are due to the reac-
tion with NO (9% for pre-industrial and 18% for present case), with
DMS (5% for pre-industrial and 3% for present case), with HO2 (6% for
pre-industrial and 7% for present case), with oxidation products of
VOCs (e.g. CH3O2 and CH3CO3) (11% for both pre-industrial and present
case), with isoprene andmonoterpenes (20% for pre-industrial and 11%
for present case). As a result of the signiﬁcant increase in NOx in the
present day in comparison with a pre-industrial scenario, the loss
term of NO3 due to the reaction with NO is signiﬁcantly enhanced and
the loss by the reaction with VOC is decreased accordingly (SeeTable 1
Global emission breakdown bymajor group for the pre-industrial (1800) and present day
simulations (1998).
Species 1800 1998
Nitrogen, Tg N yr−1
NOx 21.1 56.7
NH3 12.2 53.6
Total 33.3 110.3
Carbon, Tg C yr−1
CO 139.5 523.7
CH4 253.8 461.3
Non methane VOC 675.1 789.4
Primary organic aerosol (POA) 17.6 58.9
Total 1086.0 1833.3
Sulfur, Tg S yr−1
SO2 0.8 58.8
DMS 16.0 16.0
Total 16.8 74.8Table 2). The loss of N2O5 due to the reaction with H2O vapor is found
to be 2.6% and 5.0% for pre-industrial and present scenarios, respective-
ly. A recent N2O5 heterogeneous chemistry parameterization (based on
Bertram and Thornton, 2009) using the MOSAIC aerosol module
coupled with the CRIv2-R5 and CBM-Z chemical schemes (Archer-
Nicholls et al., 2014) shows that N2O5 heterogeneous chemistry can re-
duce signiﬁcantly (up to 30%) the build-up of NO3 throughout the night.
In STOCHEM, it is assumed that the conversion of gaseous precursor
to coarse mode aerosol occurs with a globally ﬁxed time constant
which has the order of magnitude of 2% per hour (Derwent et al.,
2003), thus a large error associated with the calculation of heteroge-
neous loss of N2O5 in this study. However, applying the parameteriza-
tion of Bertram and Thornton (2009) into STOCHEM could improve
model representations of atmospheric global NO3.
3.2. Comparison of the model predictions with NO3 observations
Measuring vertical proﬁles of NO3 is critical since it is present pre-
dominantly at night when the boundary layer is shallow and poorly
mixed. Brown et al. (2007) used a cavity ring down based spectrometer
to measure night-time NO3 proﬁles during the 2004 New England Air
Quality Study (NEAQS) over North America. Measured values of NO3
were at a maximum at about 0.5 km with night-time mean values be-
tween 20 pptv and 90 pptv. Therewas also a considerable concentration
above the nocturnal boundary layer with night-time values up to
20 pptv reported at 1.5 km (Brown et al., 2007). The annual mean
night-time values in the surface layer over the northeastern seaboard
of the USA are estimated in our model to be 10–25 pptv. The surface
level measurements alone cannot present a complete picture of night-
time NO3 chemistry (e.g. Fish et al., 1999; Galmarini et al., 1997). The
comparison of globally modeled NO3 with in situ measurements is
difﬁcult because of the short lifetime of NO3 and the location of the
measurement sites. Most short-term NO3 measurements were per-
formed over highly polluted cities, and night-time values of more than
800 pptv have been reported by Asaf et al. (2009). It is not reasonable
to expect a background CTM to capture urban levels of NO3 because
the observed NO3 values may not represent the average state of the
region due to the unusual meteorology and the coarse emission grids
in STOCHEM make it difﬁcult to evaluate model NO3 levels in the sites
near strong source regions. However, we compare a range of different
geographical (e.g. Continental Boundary Layer, Marine Boundary
Table 3
Comparison of observed NO3 mixing ratios (pptv) in different environments with our model results, CBL: Continental Boundary Layer; MBL: Marine Boundary Layer. The standard errors
(absorption cross-sections, systematic) of DOAS ranged between 10% and 20%, the variation of the LIF's sensitivity is ±17%, and the uncertainties of the ESR and CRD are ±5% and±15%,
respectively.
Location Time Environmental Measurement type and
detection limit (ppt)
Observed
(ppt)
Model
Base
(ppt)
Geyer et al. (2001b)
Lindenberg, Germany (52oN, 14oE)
Feb–Sep 1998 Rural, CBL DOAS, 3.4 4.6 6.9
Crowley et al. (2010)
Taunus Observatory, Germany (50oN, 8oE)
May 2008 Rural, CBL CRDS, 1 20–40 6.9
Asaf et al. (2010)
Jerusalem, Palestine (32oN, 35oE)
Jul 2005 to Sep 2007 Urban, CBL DOAS, 8.5 27.3 ± 43.5 9.2
Stutz et al. (2010)
Houston, US (30oN, 95oW)
Aug–Sep 2006 Urban, CBL DOAS, 3 0–149 3.3
Wang et al. (2013)
Shanghai, China (31oN, 122oE)
Aug–Oct 2011 Urban, CBL DOAS, 8 16.0 ± 9.0 16.6
Li et al. (2012)
Guangzhou, China (23oN, 113oE)
Jul 2006 Rural, CBL DOAS, 3.6 21.8 ± 1.8 4.7
Matsumoto et al. (2010)
Izu-Oshima, Japan (35oN, 139oE)
June 2004 Clean, MBL LIF, 10 3 4.4
Allan et al. (2000)
Mace Head, Ireland (53 oN, 10oW)
July–Aug 1996
April–July 1997
Clean, MBL DOAS, 0.6 5 3.8
Carslaw et al. (1997)
Canary Island (28oN, 16oW)
May 1994 Clean, MBL DOAS, 0.5 8.0 ± 3.0 5.0
Vrekoussis et al. (2007)
Finokalia, Greece (35oN, 25oE)
Jun 2001 to Sep 2003 Coastline, MBL DOAS, 1.2 4.2 ± 2.3 16.0
Allan et al. (1999)
Weybourne, England (53oN, 1.8oE)
Oct–Nov 1994
June 1995
Semi-polluted, MBL DOAS, 1.5 10
6
5.0
5.5
McLaren et al. (2010)
East point, Canada (49oN, 123oW)
July–Aug 2005 Polluted, MBL DOAS, 4.0 13.1 1.6
Mihelcic et al. (1993)
Schauinsland, Germany (48oN, 8oE)
August 1990 Urban, CBL ESR, 3.0 5.8 12.0
Fig. 1.Monthly variation of surface global NO3 concentration of selectedmonitoring stations produced by the STOCHEM-CRI; the blue line represents base run, the red line represents HOx
recycling run, the black triangle symbols represent the measurement data, black error bars represent measurement variability, and the blue error bars represent model error based on
errors in sources and sinks.
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351M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357Layer) and environmental (e.g. urban, rural, semi-polluted, polluted,
and clean) measurement data with our model results (Table 3). The
ﬁeld campaign results gave higher NO3 concentrations than the
model. Daytime NO3 has a very short lifetime of only 5 s, so comparing
monthly averaged model NO3 with measurements predominantly
during the night is not robust. Direct comparison between model and
measurement is difﬁcult due to the model uncertainties associated
with the chemistry, meteorology, and emission scenarios. Themeteoro-
logical data that drive the model at present are derived from the year
1998, and therefore, when comparing with measurement data from
other years, the inter-annual variation must be taken into account.
The average monthly variation of surface global NO3 mixing ratios
(for both base and HOx recycling cases) and NO2 and O3 mixing ratios
(for base case) for selected monitoring stations produced by the
STOCHEM-CRI are presented in Figs. 1 and 2, respectively. Themodel re-
sults are then compared with the ﬁeld measurement data shown in
Figs. 1 and 2. Themodeled data showed that higher levels of NO3 prevail
in summer and lower concentrations are present in the winter months
for most of the surface stations. The higher temperatures and high level
of O3 in summer time (see Fig. 2) allowNO3 to be producedmore rapid-
ly from the oxidation of NO2 byO3 togetherwith the fact that k1 is highly
temperature dependent. The inclusion of HOx recycling leads to a slight
increase in NO3 levels in the urban CBL and pollutedMBL, no signiﬁcant
change in the rural CBL, whilst a slight decrease in NO3 levels in the
clean MBL is observed.
Lindenberg, Schauinsland, and Taunus Observatory are surface sta-
tions in Germany and all locations are surrounded by forests. There is
a large variation in the measured NO3 mixing ratios at German stations
with a maximum recorded value of 40 pptv at the Taunus Observatory
because the Lindenberg and Schauinsland sites have no signiﬁcantFig. 2.Monthly variation of surface global NO2 (red square symbols) and O3 (blue triangle sym
square and triangle symbols represent the measurement data of NO2 and O3, respectively, andanthropogenic emissions and the Taunus Observatory has received pol-
lution fromnearby urban centers and trafﬁc. Ourmodel results for these
sites are close to the non-polluted measurement sites, Lindenberg
(4.6 pptv) and Schauinsland (5.8 pptv). The measured concentration
in the urban continental boundary layer for NO3 at different surface
stations (e.g. Jerusalem, Houston, Shanghai) varies signiﬁcantly because
of the different pollution events associated with different urban CBL
stations at the time of measurements. The comparison between mea-
sured and modeled NO3 concentrations for these stations highlights
the difﬁculty of comparing CBL measured data with our model data.
However, the modeled value (16.6 pptv) for Shanghai, China, matches
with the measured value (16 pptv), whereas the modeled value
(4.7 pptv) for Guangzhou, China, is much lower than the measured
value (21.8 pptv). The large variation in the modeled NO3 concentra-
tions with respect to the measured NO3 concentrations are found in
China stations because of the difference of model NO2 in Shanghai
(2.2 ppb) and Guangzhou (0.8 ppb) compared with measured NO2 in
Shanghai (16 ppbv) and Guangzhou (18 ppbv) (Fig. 2). A recent study
(Wang et al., 2014) found very high daytime N2O5 + NO3 mixing ratios
in the range of 200–1000 ppt at an urban site of Hong Kong, which is
much higher than our model study. Chemical interferences in the ther-
mal dissociation chemical ionization mass spectrometer (TD-CIMS)
could have contributed most of the average daytime N2O5 + NO3 in
their study, but the elevated daytime N2O5 + NO3 might be in part
due to real contribution from NO3 or N2O5. The stations in Izu-Oshima,
MaceHead, andCanary Island are situated in the cleanmarine boundary
layer. The modeled values at these stations fall within the range mea-
sured by Allan et al. (2000), Carslaw et al. (1997), and Matsumoto
et al. (2010). Allan et al. (1999) reported a seasonal measurement of
NO3 at the Weybourne observatory on the east coast of England withbols) mixing ratios of selected monitoring stations produced by the STOCHEM-CRI, black
the black error bars represent measurement variability.
352 M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357the reported values of 10 and 6 pptv for winter (semi-polluted air) and
summer (clean air), respectively. Our modeled values are found to be
5.0 and 5.5 pptv in winter and summer, respectively. Analysis of the
non-methane hydrocarbon database accumulated during the HANSA
project (Penkett et al., 2007) showed higher NO3 levels at the
Weybourne observatory and an associated high oxidation efﬁciency.
They concluded that NO3 chemistry signiﬁcantly modiﬁes the average
concentration of peroxy radicals and thus their precursor alkenes, pre-
dominantly during the winter month. Vrekoussis et al. (2007) reported
NO3 mixing ratios at a coastal MBL site, Finokalia ranged from 1 pptv
to 38 pptv and averaged 4.2 pptv, with the highest levels found in
polluted air masses transported from Greece, Turkey, and Central
Europe. Our model result for this coastal site is found to be surprisingly
high (16 pptv) because of high model NO2 (see Fig. 2). A rural MBL in
East point, Canada is heavily polluted by few direct anthropogenic
sources (e.g. marine vessel trafﬁc), leading to a higher level of NO2
emission (McLaren et al., 2010). The measurement value of NO3(a)
(b)
Fig. 3. Surface distribution of June–July–August and December–January–February time NO3(13.1 pptv) for this site was found to be much higher than our model
value (1.6 pptv) because the higher NO2 levels in this region (see
Fig. 2) would increase the production rate of NO3 via reaction (1).
The low resolution of the emission grids of ourmodel (5o latitude× 5o
longitude) compared with other global models (typically 1o latitude × 1o
longitude) prevent regions of very low and very high NO3 concentrations
being investigated. Improving its resolution would allow an accurate
comparison between modeled and measurement data to be conducted.
However, the results indicate no immediate systematic biases or deﬁcien-
cies in the NO3 simulation.
3.3. Surface distribution of NO3
Fig. 3 shows the surface distribution of NO3 in December–January–
February (D-J-F) and June–July–August (J-J-A) for both present and
pre-industrial scenarios. The seasonal surface distribution of NO3 is
driven by the location of NOx, O3, and VOC emissions. Biomass burninglevel simulated by the STOCHEM-CRI for (a) present and (b) pre-industrial scenarios.
Fig. 4. Surface distribution of NO3 produced through the reaction of NO2 and O3 simulated for present scenario.
353M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357and vegetative emissions are located in forested regions and anthropo-
genic emissions are predominantly distributed over North America,
Central Europe, and South East Asia. In D-J-F time, the peak NO3 was
found in forested regions where emissions of NOx and VOCs are large.
The anthropogenic NOx emissions are generally in between 30oN and
60oN, which in winter time has relatively slow photochemistry and−90 −60 −30 0 30 60 90
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Fig 5. Annual mean zonal distribution of NO3 simulated by the STOCHthus levels of ozone are lower resulting in lower levels of NO3 than
over forested regions near the equator (See Fig. 3). In J-J-A time, the
peak NO3 was found over biomass burning regions of southern Africa
and South America and anthropogenic emissions regions. Southern
Africa and South America are near large VOC sources of isoprene and
terpenes. In summer time, photochemistry between 30oN and 60oN is−90 −60 −30 0 30 60 90
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354 M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357more rapid than in winter time causing high levels of ozone, thus the
production of NO3 through the reaction of NO2 and O3 is increased
over the polluted regions of the northern hemisphere (Fig. 4).
The zonal distribution of NO3 shows the peak at the surface between
30oN and 50oN during J-J-A time. However, two peaks (5–15oN and 20–
35oN) and one peak (0–15oN) at the surface in equatorial regions are
found during D-J-F time for present and pre-industrial scenarios, re-
spectively. The NO3 concentrations decrease signiﬁcantly with altitude
(see Fig. 5).3.4. Evaluation of HOx recycling
Fig. 6 shows the percentage change in NO3 between the base and the
isoprene sensitivity runs for both present and pre-industrial runs. There
is a general increase in NO3 levels over land whilst a decrease in NO3
over oceans. NO3 has increased by up to 80% over land and reduced by(a
(b
Fig. 6. The percentage changes of NO3 fromHOx recycling run to base run inDecember–January–
that percentage change (%) = ((ISOP− base)*100)/base.up to 40% over the oceans in the surface layer. The highest NO3 increases
(up to about 60% for the present day case and up to 80% for pre-
industrial case) are found in J-J-A time over the equatorial regions
with high VOC (mostly isoprene) emissions and low NOx emissions.
The highest concentration changes in ozone are over the forested region
where the recycling chemistry has the highest effect. The changes in
ozone are driven by the redistribution of NOx which created the highest
NO3 concentration changes in the equatorial regions. There is a small in-
crease in the formation of NO3 via the reaction of HNO3with OH but the
large increase in NO3 is driven by the reduced lifetime of emitted VOCs
because of the increase in HOx concentrations.3.5. Global impact on NO3 by inclusion of HOx recycling
The recycling mechanism employed in STOCHEM-CRI gives results
over forested regions that are consistent with the box model)
)
February and June–July–August time for (a) present and (b) pre-industrial scenarios. Note
Table 4
The annual mean global NO3 and selected species' burden for the base present and pre-industrial run and percentage differences for run ISOP and ISOP1800.
Species Present Pre-industrial
Base
GB (Gg)
ISOP
GB (Gg)
% change
(ISOP-Base)*100/Base
B1800
GB (Gg)
ISOP1800
GB (Gg)
% change
(ISOP1800− B1800)*100/B1800
NO3 11.742 11.393 -3.0 4.270 4.047 −5.2
OH 0.246 0.254 3.5 0.271 0.283 4.6
HOCH2CHO 461.317 505.678 9.6 520.533 568.246 9.2
HOCH2CO3 0.613 0.639 4.3 0.758 0.792 4.5
NRU14O2 1.324 1.341 1.3 0.997 1.036 3.9
NRTN28O2 1.189 1.241 4.4 1.231 1.285 4.4
NRTX28O2 0.666 0.692 3.9 0.576 0.595 3.3
355M.A.H. Khan et al. / Atmospheric Research 164–165 (2015) 347–357simulations in Archibald et al. (2010a). Table 4 shows the base model
global burdens of NO3 and the percentage changes for HOx recycling
for both present and pre-industrial scenarios. The increased production
of OH has led to a global decrease of 3.0% and 5.2% in NO3 for present
and pre-industrial cases, respectively. The inclusion of HOx recycling
leads to greater HOCH2CHO formation (9.6% for present and 9.2% for
pre-industrial). The reduced NO3 in isoprene HOx recycling is driven
by the increased loss (18.9% for present and 23.3% for pre-industrial)
via reaction with HOCH2CHO. The concentration of some peroxy radi-
cals (mainly produced in night) is a balance between faster production
via VOC oxidation by NO3 and faster removal via reactionwith NO3. The
isoprene HOx recycling increased the amount of HOCH2CO3 (4.3% for
present and 4.5% for pre-industrial), NRU14O2 (1.3% for present and
3.9% for pre-industrial), NRTN28O2 (4.4% for both present and pre-
industrial), and NRTX28O2 (3.9% for present and 3.3% for pre-
industrial) which can also dominate the removal processes of NO3.
3.6. Pre-industrial vs present scenarios
Themaximumconcentration changes (up to 15 ppt) and percentage
changes (up to 4000%) from pre-industrial to present scenarios for NO3
are found at the surface between 30oN and 60oN (Fig. 7). The anthropo-
genic emissions are predominantly between 30oN and 60oN, and there-
fore, this is where themost signiﬁcant increases are. The increase in NO3
over this area since the pre-industrial period is because of increases in(a)
Fig. 7. The surface and annual mean (a) NO3 mixing ratio difference between present and p
[% = ((Base − B1800)*100)/B1800].NOx and O3 levels. This has the effect of reducing the isoprene and ter-
pene concentrations because they are emitted over the forested regions
and are predominantly removed by reaction with NO3 at nighttime.4. Conclusion
The night-time oxidant, NO3 is predominantly formed in the tropo-
sphere by the reaction of NO2 and ozone, and therefore, the regional dis-
tribution follows the samepattern as ozone andNOx. Themore complex
degradation chemistry in CRI v2-R5 leads to a large reduction in the
concentration of night-time NO3. The modeled data of NO3 for some se-
lected stations showed a general seasonal trend with higher levels in
summer and lower levels in the winter. Although there are model un-
certainties associated with the chemistry, meteorology, emission sce-
narios, good agreement between model and measurement data is
found suggesting that the STOCHEM-CRI model produces a realistic dis-
tribution of NO3 on global scales throughout the year. The global impact
of includingHOx recycling results in an increase of up to 60% inNO3 con-
centration over tropical areas because the increased production of OH
has shortened the lifetime of VOC leading to increase of NO3 concentra-
tion in the troposphere. In a pre-industrial scenario, the lower NOx
levels make recycling during isoprene oxidation a more favorable path-
way. The inclusion of HOx recycling decreases ozone concentrations
which lowers the production of NO3 in pre-industrial scenarios.(b)
re-industrial day, (b) percentage changes from pre-industrial to present day for NO3.
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